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Department of Aeronautics and Astronautics 
Naval Postgraduate School 
Monterey, California 93943 
ABSTRACT 
Detonation studies have been perfonned at the 
Naval Postgraduate School in order to investigate 
the detonation properties of JP-IO aerosol with 
oxygen and air. Early investigations involved the 
studies of ethylene and air detonations to evaluate 
and qualify the facility. These tests proved to be 
satisfactory and led to the modification of the 
facility to study the detonation properties for 
liquid JP- IO and air/oxygen. A clear acrylic 
model of the combustor was used to assist in 
quantifying the fuel injection characteristics. 
Atomization characteristics such as Sauter Mean 
Diameter and droplet diameter distributions were 
obtained for various atomization systems. 
A modular constant-diameter combustor 
geometry was evaluated in this study. Combilstor 
length, ignition location, and ignition delay was 
varied to investigate fully developed detonations 
as well as the transition characteristics. The 
effects of wall temperature and fuel injection 
properties were also investigated. The 
combustors were operated in a multi-cycle mode 
at frequencies up to 5 Hz . Detonation wave 
velocity, strength, and approximate transition 
lengths were obtain for various test conditions . 
It was observed that the ignition delay 
time was a critical parameter for obtaining a rapid 
transition to a detonation for a cold aerosol spray 
condition with JPIO/oxygen. The dependence on 
ignition delay time was seen to diminish as the 
combustor wall temperature increased. Fully 
developed detonations for JP 10 and air were not 
observed with the current system. 
INTRODUCTION 
The combustion process is a vital mechanism 
in virtually all classic propulsion systems. The 
addition of heat by chemical reactions results in 
an overall increase in the working fluid 
temperature which is subsequently converted into 
kinetic energy and produces a net momentum 
thrust . The process can be either steady-state 
(quasi-steady) or unsteady. The process can be 
further be characterized as either a deflagration or 
detonation process. In a deflagration process the 
reaction zone (flame front) propagates at a 
relatively slow velocity into the unburned 
reactants . This process is mainly governed by 
mass and thennal diffusion rates for both laminar 
and turbulent flow. A detonation process, on the 
other hand, takes place very rapidly and can 
produce a reaction zone or combustion wave 
propagating at thousands of meters per second 
relative to the unburned reactants. A detonation 
can be described as a shock wave coupled to a 
deflagrating reaction zone. The shock wave 
travels into the reactants, rapidly compressing 
them to very high pressures and temperatures. At 
the elevated conditions, the reaction rates are 
dramatically increased and the reactants began to 
combust very closely behind the shock wave. 
This coupling of a high compression shock wave 
to a reaction zone has been defined as a 
detonation wave . Numerous references exist 
which provide a detailed description of the 
deflagration and detonation processes [ 1-3]. It is 
also in these references where an argument can be 
made for the increased efficiency of a detonation 
cycle vs. a deflagration cycle. It is the potential 
increased propulsion efficiency that motivates this 
investigation. 
The majority of propulsion systems in use 
today utilize a deflagration combustion process. 
Such systems include turbojets, ramjets, 
scramjets, and rocket engines. The pulsejet 
engine concept also utilizes a deflagration process 
even though the cycle is of a pulsed nature tuned 
to the acoustic mode of the combustor. 
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The pulsejet engine was widely known for its 
use in the infamous V-1 "buzz bomb" used by 
Germany during World War II to attack Great 
Britain. The pulse detonation engine (PDE) 
concept utilizes the detonation process and is a 
pulsed cycle, as the name indicates. The cycle 
begins as the combustor is filled with a detonable 
mixture through some type of valving. The 
valves are closed and an ignition source at the 
closed end (typically) ignites the mixture. The 
combustion wave will transition, unless 
detonation is directly initiated, from a 
deflagration to a detonation after some axial 
distance. This deflagration to detonation 
transition length is often referred. to as the DDT 
length. After the detonation wave leaves the 
combustor, a rarefaction wave propagates back to 
the head end of the combustor in order to reduce 
the combustor to the local atmospheric pressure. 
After the blowdown process is complete, the 
combustor is refilled with a fresh combustible 
mixture and the process is repeated. A detailed 
description of various propulsion systems 
compared to the PDE concept can be found in 
reference 4. A good chronology of early research 
on detonation waves can be found in reference 5 
and a review of their role in propulsion in 
reference 6. 
Up to now, most of the existing literature on 
hydrocarbon detonations has dealt with the 
detonation of the hydrocarbon mixtures in . a 
gaseous state[7,8]. Very little work has been 
performed in the area of liquid hydrocarbon spray 
detonations[9,10,l l]. Of particular interest in this 
study is the detonation of a JPlO (C10H18) aerosol 
in both an oxygen and air environment. The fuel 
JPlO is an energetic fuel and is currently used on 
a number of military systems, including certain 
missile platforms. It is these volume-limited 
systems which dictate that a liquid fuel be carried 
versus a gaseous fuel, thus providing extra range 
for a given unit of payload volume. 
REVIEW OF GOVERNING PHYSICS 
A detailed review of the physics governing the 
detonation process can be found in references 1-3. 
A brief overview will be given in order to 
describe properties of a detonation and the 
method used to calculate the characteristic 
detonation velocities. 
The classic situation used to describe 
combustion waves is a long tube, closed at one 
end and filled with a combustible mixture. The 
mixture can be ignited at either end of the tube. If 
the mixture is ignited at the open end, a 
deflagration process will results and the reaction 
zone (flame front) will propagate towards the 
closed end at the calculated subsonic flame speed. 
If the mixture is ignited at the closed end, two 
types of combustion waves can result, a 
deflagration or detonation depending on the local 
conditions. Since we are dealing with the subject 
of detonation, only the situation where a 
detonation wave results will be discussed. 
The stationary tube geometry described above 
is depicted in Figure I. The stationary tube 
coordinate system can be transformed into a 
stationary combustion wave system depicted in 
Figure 2. 
Ev_ Unburned reactants 
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Figure 2: Wave Fixed Coordinate System [l] 
Since it is assumed for this analysis that the 
tube is of constant diameter, the combustion wave 
can be adequately described using the following 
1-D equations, which represent conservation of 
mass, momentum, and energy, respectively. 
From reference 12, 
(1) 
P1 + P1Vi2 = P2 + P2V/ (2) 
P1 1 2 P2 1 2 
-+-V, +e = -+-V +e -q (3) 
P1 21 I P2 22 2 
where e0 represents the specific internal energy of 
the appropriate gas mixture (not including heat of 
formation,) and q denotes the internal energy of 
combustion. Substituting ( 1) into (2) and then 


































































Rearranging (3) and combining with (1) yields (5) 
-q+(e2 -ei)= (El..-P2) + (pv)2 [(__!_)2 -(__!_)2] 
P1P2 2 Pi P2 
(5) 
Substituting ( 4) into (5) and rearranging yields: 
(6) 
Introducing the enthalpy/energy relationship, 
(7) 
The standard Rankine-Hugoniot relation is 
obtained. 
-q + (hi -hi)= .!.(-1 + _.!._j(Pz - pi) (8) 
· 2 P2 P1 
Therefore, given the initial state and the energy of 
combustion, equation (8) represents the locus of 
allowable final states for the products behind the 
combustion wave. This locus is plotted in Figure 
3 for a given amount of heat addition, q. The 
lower curve in Figure 3 represents q=0, or no heat 
addition. This would be the curve for an 
adiabatic normal shock compression(q=0). 
Obviously, the second law of thermodynamics 
prevents any solutions below the initial point. 
However, this restriction does not apply to 
diabatic flow. For flows with heat addition, 
solutions may be found both above and below the 
initial point. The solution branches of the 
Rankine-Hugoniot curves above and below the 
initial conditions are known as the detonation and 
deflagration branches respectively. 
Certain rules and practicalities limit the allowable 
end points of combustion. One of which is that 
the diabatic flow of the combustion products must 
follow a valid Rayleigh line. The mathematically 
obtainable end points for diabatic flow are shown 
in Figure 4. A detailed argument for the 
physically obtainable end conditions can be found 
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Figure 4: Physical Breakdown of Hugoniot 
Curve [2] 
The only practical point on the detonative 
branch of the Hugoniot curve is labeled U, the 
upper Chapman-Jouget(C-J) point. This point 
represents the slowest available speed for 
detonation and is the one most observed in the 
laboratory. This is the end condition that will be 
described. 
DETONATION WA VE STRUCTURE 
The above discussion described how 
thermodynamic properties are affected by the 
passing of a detonation wave. The physical 
structure of a detonation wave can now be 
described. The classical model of a detonation 
wave is known as the Zel'dovich, Von Neumann, 
and Doring (ZND) model and it is in close 
agreement with experimental observations. The 
ZND structure of a detonation wave is shown 
below in Figure 5. The figure depicts a normal 

































































distance behind the shock is located the Von 
Neumann pressure spike, immediately behind it 
the combustion takes place as a deflagration. The 
distance between the leading shock wave and the 
initiation of combustion is termed the ignition lag. 
The combustion products rapidly drop to a final 
pressure, p2, and temperature, T2, which 
correspond to the pressure at the upper C-J point. 
A set of rarefaction waves further reduce the post 
combustion pressure to a value of p3 at the head 
wall due to the zero-velocity condition at 











Figure 5: ZND Structure of a Detonation Wave 
Ref. [l] 
CALCULATION OF DETONATION 
VELOCITIES 
In most PDE combustor situations, C-J 
detonations will be the observed solution. 
Although real world conditions, such as 
inhomogeneities and incorrect chemical reaction 
rates, have been seen to make C-J detonation 
calculation to be slightly in error, the velocity 
calculations have been surprisingly close to 
observations. Certain codes do exist today which 
allow the direct calculation of detonation wave 
speeds, pressures, and temperatures for a given 
set of reactants. The Thermo-Chemical 
Equilibrium Program (TEP)[IO], CET89, and 
CETPC codes are all capable of computing 
detonation velocities, but individual versions may 
only be able to compute the detonation properties 
of particular fuels in their databases which 
contain detailed information on the fuel in 
question. In the case of TEP, since the energy 
content of the reactants to be detonated is 
calculated at every point as a function of 
temperature, the species must reside in the 
thermodynamic library that is selected. Since 
JP 10 is not a fully characterized reactant, it is this 
reason which prevented the use of TEP to 
compute the detonation properties of liquid JPIO 
and air/oxygen. 
The ideal computation of the post detonation 
conditions would be to perform a fully three 
dimensional CFD computation which would 
include real gas behavior, shifting specific heats, 
etc. This would be a serious undertaking at the 
current point and time, so a technique which 
makes a few analytical assumptions and utilizes a 
chemical equilibrium code was used. A chemical 
equilibrium code, PEP94, was used along with an 
algorithm found in Zucrow and Hoffman[ 1]. The 
algorithm proceeds as follows: 
Step 1: Set the initial conditions, including T 1, 
p1, R1, and Cv1 of the reactants. 
Step 2:Run PEP at the estimated T2 and p2 to 
obtain M2 and Cp2 for the combustion 
products. The resulting molar species 
breakdown was used to compute Llu0 
from the standard heat of formation 
tables. Cv2 and y2 were obtained from M2 
and_Cp2• 
Step 3: Solve for the updateq T2 by using 
equation (9). 
Step 4:The density ratio is then give by: 





Step 6:The last step in the iteration was to use 





































































Step 7:The sequence was repeated until T2 
reached convergence(+/- 5K) 
The results of this algorithm for the 
detonation velocities of JPlO with air and oxygen 
are reported in the results sections. 
EXPERIMENTAL SETUP 
The experiments took place at the 
combustion laboratory of the Naval Postgraduate 
School. The laboratory is located off campus and 
care was taken to minimize impact of noise on the 
surrounding areas. Currently, a new exhaust tube 
is being implemented in order to further reduce 
the existing noise pollution from the detonation 
tests. A network of Pentium II 200 Mhz and 333 
Mhz systems, which provide facility control and 
data acquisition capabilities, supports the 
laboratory. A standard NTSB video camera is 
also available to visually record test operations 
for documentation purposes. Three types of 
experimental setups were used in this study; an 
atomization characterization setup, a flow 
visualization configuration, and the combustion 
experiments setup. All three will be described. 
The physical setup used to characterize the 
available atomizers is shown below in Figure 6. 
A Malvern Mastersizer particle-sizing system was 
used to provide particle size distributions and 
compute Sauter mean diameters(D32) for the 
atomization systems evaluated. The Malvern 
system was instrumented with a 100mm focal 
length lens, which provided a one-inch (2.54cm) 
diameter measurement volume and allowed 
particles from 0.5 to 148.1 microns to be 
measured. The atomizers were place on 
centerline 2 inches (0.0508m) upstream of the 
sampling volume to obtain an appropriate sample 
with an allowable obscuration. Various 
atomization systems were evaluated, but were 
quickly ruled out since they did not function well 
for transient operations. Excess dripping and 
agglomeration at the on/off transients deemed the 
systems inappropriate for the transient nature of a 
pulsed system such as a PDE. The BETE XA-F 
body, with a clean-out pintle, allowed clean-
discrete on/off operation of the atomizer at cycle 
rates evaluated up to 1 0Hz and was the system 
selected. On/off times were limited by the 
solenoid valves supplying the atomization and 
control gases. The solenoids used for the 
atomizers were all Peter Paul direct-acting 
solenoids with 22 Watt 24VDC coils. The 
solenoids were slightly overdriven with a voltage 
of 28 volts in order to increase their response 
times. Although response times of 4-16 ms were 
quoted by the manufacturer, effective response 
times of 1-2 ms were obtained by applying a 
smart logic algorithm in the control code to 
compensate for opening delay times as a function 
of upstream pressure. The 28 VDC was switched 
to the relays by Crydom 6231 optically-isolated 
relays with 100 microsecond response times. 
The flow visualization setup is shown in 
Figure 7. A Lexel Argon-Ion laser was used to 
provide sheet lighting to the clear acrylic model 
of the combustor. The combustor model 
flowfield was visualized for the wide range of 
flow rates expected and for with and without the 
bypass air configuration discussed in the next 
section. 
The combustor hardware, shown in Figure 8, 
consisted of a variable geometry air-assisted 
atomizer and modular 3 l 6L stainless steel 
components to allow for various lengths, ignition 
locations, and atomization characteristics. The 
internal diameter of the predetonator was a 
constant 1.5625 inches (3.96 cm) and the outer 
diameter was dependent upon which modular 
component was installed. The head end 
components were designed to interface with each 
other through a series of o-ring seals, which 
allowed for three ignition locations of 0.25D, 
I.OD, and 1.5D from the head end of the 
combustor. The head of the combustor was also 
designed to allow a coflowing shroud of air/O2 if 
desired. The main tube of the predetonator was 
1.5" schedule 80 pipe with variable lengths of 30, 
12, and 6 inches (76.2 cm, 30.48 cm, and 15.24 
cm resp.) Each of the main tubes had a series of 
up to 8 pressure transducers mounts equally 
spaced at 2 inch (5.08cm) intervals along the 
tube. This allowed for the determination of 
approximate DDT lengths and stable detonation 
wave velocities. Eight Kistler 603B 1 transducers 
and 5010B dual mode amplifiers with 540 kHz 
notch filters were chosen to monitor the pressure 
time traces along the tube. The signals from the 
amplifiers were recorded by two Microstar Labs 
3400a/415 12-bit data acquisition boards. These 
boards sampled at a rate of 800 kHz per channel 
and were synchronized to record all eight 
channels simultaneously in order to conveniently 
calculate the detonation wave speed. 
A 1.4 Joule Unison Industries ignition system 
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and was capable of cycle frequencies up to 1 O Hz. 
The ignition system had an estimated delivery 
efficiency of 35% and was able to deliver the 
spark in 30-100 microseconds resulting in power 
levels of approximately 4.90 kW to 16.2 kW. 
A Visual Basic 5.0 GUI was written to control 
all facility valve and ignition control. Switching 
of all valving and ignition TIL signals was 
handled by an Keithley PIO24 board connected to 





Figure 6: Atomization Characterization Setup 




Figure 7: Flow Visualization Setup 
Figure 8: Combustor Geometry 
Figure 9: Fuel Injection Element 
RESULTS AND DISCUSSION 
ATOMIZATION SYSTEM 
The BETE XA-F-PR200 system was chosen 
to be the atomizer for the c:ombustion tests due to 
its clean discrete operation at transients and it's 
wide range of fuel delivery rates while 
maintaining low SMD values. The BETE system 
was capable of flowing between 0.8 and 10.0 
gallons per hour depending on the pressurization 
values. This converted into a JPlO (PJPio=0.940 
gm/cc) mass flow rate of 0.04748 kg/min to 
0.5935 kg/min, respectively. 
The observed droplet distribution from the 
PR-200 atomizer as a function of atomization 
pressure is shown in figure 10. The system was 
generally capable of maintaining the droplet 
distribution and low SMD at frequencies up to 
lOHz and a duty cycle of 15%. Small droplet 
diameters are believed to be critical for the 
successful detonation of JPlO in a gaseous 
oxidizer environment. An approach similar to 
one by Tulis[14], was taken to model droplet 
heating, evaporization, and oxidation . It was 
concluded from that analysis that droplets of 
approximately 5 microns in diameter and smaller 
could be heated and vaporized in the necessary 
time scales required for detonation to occur. 
Figure 10 depicts a large number of droplets in 
the diameter range of 2-3 microns and overall 
spray SMD values of below 10 for the wide range 
of fuel flow rates. 
FLOW VISUALIZATION RESULTS 
The flow visualization tests were performed to 
give a qualitative indication of uniformity and the 
amount of wall adhesion and fuel agglomeration 
that takes place once the injector is placed inside 
of a constant diameter tube. The first condition 
was for just the fuel injector injecting a JPIO/ Air 
aerosol into a tube from the head end This is the 
simplest injection scheme and was limited to tube 
lengths less than 12 inches (30.48cm) due to the 
recirculation zones at the head end. The 
recirculation patterns resulted in fuel rich 
conditions at the head end and would promote 
rapid fuel agglomeration as well. The flow field 
observed for this setup is depicted in Figure l la. 
The flowfield observed for the air/Qi bypass 
configuration is depicted in Figure llb and was 
used ,primarily on the longest combustor 
configuration. This enabled a "plug'' of specified 
fuel and oxidizer ratio to be loaded and 
minimized wall agglomeration. The bypass 
configuration also allowed for a wider range of 
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Figure 11: General Observations of Flow 
Visualization Study 
COMBUSTION TESTS 
The majority of the combustion tests 
conducted util,ized the long 30 inch (76.2cm) 
combustor. Thei,e tests allowed fully developeq 
detonations to be characterized and approximate 
DDT lengths to be determined. The long 
combustor configuration with the air/O2 bypass 
head end setup allowed for a wide range of 
"loaded'' equivalence ratios to be evaluated. The 
term "loaded" is used as a subscript on the 
specified equivalence ratios due to the fact that 
some of the fuel was deposited on the walls, and 
therefore the actual local airborne equivalence 
ratio is likely to be lower than tqe injected ratio of 
the reactants . The measured values of fully 
developed detonations for JPl0 and 0 2 were 
calculated after the waveform had developed to a 
quasi-steady form. Pressure traces, such as the 
one shown Figure 12 were used to compute Vd 
through a l:!,.X/ AT measurement of the 
propagating Von Neumann pressure spike. The 
measured detonation values are from the 1.5625 
inch (3.96cm) tube and have not been 
extrapolated to infinite pipe diameter values based 
on displacement thickness. The theoretical 
detonation wave speeds for both JPl0/O 2 and 
JPl0/air are shown in Figure 13 for a range of 
equivalence ratios. Since detonations for 
JPlO/Air were not observed in this study, no 
values are · reported All experimentall y reported 
values for Vd are averages of multiple runs at the 
same conditions. 
The detonation wave profile shown in 
Figure 12 is a good representation of the pressure 
waveform exhibited by a detonation wave. The 
Von Neumann pressure spike is seen to reach 
values slightly above 900psi and post detonation 
pressures around 250 psi indicative of the 
pressure condition at the upper Chapman-Jouget 
point Figure 14 depicts a similar run where the 
base pressure at the head wall of the combustor 
was recorded · along with the axial pressure taps. 
Only two of the axial pressure traces are shown 
with the base pressure trace to allow more detail 
to be represented . Notice that a final pressure of 
around 190 psi acts on the head wall as the 
detonation wave propagates down the combust~r 
and until the rarefaction wave from the exit 
reaches the head wall . 
The location of ignition was seen to affect 
the obse.rved DDT lengths. This was believed to 
be due to the reflection of the pressure 
disturbances of the rearward propagating 
combustion wave. The reflected disturbances off 
the head wall were seen to eventually coalesce 
with the primary combustion wave and then 
rapidly transition into a quasi-steady detonation . 
Ignition heights greater than I.OD did not show 
any further benefit and the shortest DDT lengths 
observed were approximately 11.5 inches (29.21 
cm) and for the I.OD ignition hei t. 
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Figure 12: Pressure vs. Time Trace for a Fully 
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Figure 13: Theoretical and Measured Detonation 
Velocities 
Figure 14: Pressure Time Traces for Two Axial 
and Head End Location 
The observed detonation properties were 
observed to be very dependent on the ignition 
delay time. As the ignition delay increased, the 
DDT lengths shorten and the detonation velocities 
and pressures were seen to increase, indicating 
that additional mixing/JPlO vapor was available 
to the combustion process. Ignition delays of 
50ms-70ms were seen to produce the optimum 
test results. Ignition delay times longer than 
70ms produced weaker and more erratic results, 
likely due to fuel settling out of the gas mixture. 
As the combustor wall temperature approached 
300°F(l50°C), the effects of ignition delay times 
diminished. This was likely due to the production 
Fiie:RI.IN&~.DAT 
_,JP10/tllr 
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Figure 15: Pressure Time Trace for JPlO/ Air 
Mixture 
of a more homogenous gaseous mixture of the 
reactants, and an increased amount of fuel vapor 
available to the combustion process. 
The JPlO/ Air tests did not result in any 
detonations. Typically, weak pressure waves 
were observed to begin coalescing near the end of 
the long combustor, specifically for equivalence 
ratios near stoiciometric conditions. These 
waveforms are represented in Figure 15, and can 
be seen to steepen as the combustion wave 
propagates down the tube. It is believed that a 
much larger ignition source and/or geometry will 
be required to promote the rapid development of 
detonations of JPlO aerosols and air. This will 
be the focus of the upcoming phase of work. 
SUMMARY 
The JPlO/ Air combustion tests did not result 
in any observed detonations, but certain run 
conditions near stoiciometric conditions did 
reveal the coalescing of waves towards a 
detonation waveform . The next phase of this 
work will further investigate the criteria and 
feasibility of obtaining a detonation in such 
mixtures. 
The JP/0 2 combustion tests resulted in fully 
developed detonation waves after axial lengths as 
short as 11 inches (27.94 cm.) The effect of 
ignition delay time was seen to important for the 
cold combustor tests . Ignition delay times of at 
least 40 ms were seen to be needed in order to 
promote the most rapid development of the fully 

































































ignition delay time was observed to diminish as 
wall the combustor wall temperature increased. 
The JP 10/0 2 spray detonations results from 
this study should be viewed as qualitative and 
speculative at this time due to the number of 
complicating factors associated with spray 
detonations, such as evaporization effects and 
non-homogeneous fuel/oxidizer field effects. 
Additional tests are planned which will attempt to 
further isolate and properly address these issues, 
although at this time it can be concluded that a 
JPl0/O 2 aerosol is detonable and additional 
testing is needed to further characterize the 
detonation properties of the composition. 
FUTURE WORK 
The next step for this work is to install the 10 
inch (25.4 cm) JPl0/O 2 combustor unit into a 
larger diameter combustor as the ignition source, 
or predetonator. The larger combustor has a 
diameter of 5.25 inches (13.35 cm) and is 
supplied with a JPl0/Air aerosol through four 
inlet arms which load the combustor at the head 
wall. The predetonator also enters from the head 
end and will be located on centerline. It is 
expected that the fully developed JPl0/O 2 
detonation wave will transition from the exit of 
the predetonator unit into the main combustor, 
initiating a JP 10/ Air detonation. Figure 16 
depicts the next combustor configuration and key 
areas of interest. Figure 17 shows head end 
details of how the fuel and air are to be delivered 
to the main combustor and the location of the 
predetonator. The configuration will have the 
ability to vary the spatial and temporal fuel 
loading characteristics and will be outfitted will a 
variable energy ignition system for the 
predetonator. 
Figure 16: Planned JPl0/Air Combustor 
Geometry 
Side View End View 
Figure 17: Close up of Head-End Geometry 
NOMENCLATURE 
CP specific heat, constant pressure 
Cv specific heat, constant volume 
D tube internal diameter 
D32 Sauter mean diameter 
FIA fuel to air ratio 
F/O fuel to oxidizer ratio 
Hz Hertz, cycles per second 
M molecular weight 
p static pressure 
R gas constant 
V velocity 
Va detonation velocity 
R" universal gas constant 
T static temperature 
e specific internal energy 
h specific enthalpy 
rha mass flow of air 
mi mass flow of fuel 
q Heat evolved per unit mass 
Llu0 heat of combustion 
y Cpf Cv specific heat ratio 
~ equivalence ratio (F/O)/(F/O),toichiometric 
p density 
V specific volume 
Subscripts 
1 denotes initial condition 
2 = denotes post combustion condition 
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